Purpose. It has been reported that diffusion-weighted imaging (DWI) with ultrahigh b-value increases the diagnostic power of prostate cancer. DWI with higher b-values is challenging as it commonly suffers from low signal-to-noise ratio (SNR), distortion, and longer scan time. e aim of our study was to develop a technique for quantification of apparent diffusion coefficient (ADC) for higher b-values from lower b-value DW images. Materials and Methods. Fifteen patients (7 malignant and 8 benign) were included in this study retrospectively with the institutional ethical committee approval. All images were acquired at a 3T MR scanner. e ADC values were calculated using a monoexponential model. Synthetic ADC (sADC) for higher b-value was computed using a log-linear model. Contrast ratio (CR) between prostate lesion and normal tissue on synthetic DWI (sDWI) was computed and compared with original DWI and ADC images. Results. No significant difference was observed between actual ADC and sADC for b-2000 in all prostate lesions. However, CR increased significantly (p � 0.002, paired t-test) in sDWI as compared to DWI. Malignant lesions showed significantly lower sADC as compared to benign lesions (p � 0.0116, independent ttest). Mean (±standard deviation) of sADC of malignant lesions was 0.601 ± 0.06 and for benign lesions was 0.92 ± 0.09 (10 − 3 mm 2 /s). Discussion/Conclusion. Our initial investigation suggests that the ADC values corresponding to higher b-value can be computed using log-linear relationship derived from lower b-values (b ≤ 1000). Our method might help clinicians to decide the optimal b-value for prostate lesion identification.
Introduction
In the past few years, the use of diffusion-weighted magnetic resonance imaging (DWI-MRI) for disease detection and characterization has increased substantially. For instance, several studies have assessed the importance of DWI-derived apparent diffusion coefficient (ADC) in characterization of prostate cancer aggressiveness [1] [2] [3] [4] . Quantification of ADC is based on at least two diffusion-weighted (DW) images with different b-values. In general, a monoexponential fit between the natural logarithm of the signal intensity against the b-value yields the ADC. In the literature, various other mathematical models have been suggested for ADC quantification, such as stretched-exponential, Gaussian, and Kurtosis [5, 6] . However, in the prostate, a monoexponential fit for ADC calculation is sufficient to discriminate prostate cancer from normal tissue [5] . Moreover, different ADC values can be found in the literature due to the variation in the b-value used to compute the ADC [7] .
Deciding the optimal b-value for prostate cancer characterization is an active area of research [8] [9] [10] [11] . In most DWI studies, b-values of 1000 sec/mm 2 or less are used for prostate cancer detection or evaluation [4, 6, 7] . Normal parenchyma can show higher signal intensity in DWI with bvalues of 1000 sec/mm 2 or less, which can make it difficult to distinguish normal tissue from cancer tissue. It has been reported that use of higher b-values improves disease visualization and detection by increasing contrast between cancerous and noncancerous lesions [10, 12, 13] . Although the use of higher b-values (>1000 sec/mm 2 ) is desirable, obtaining higher b-value DW images is challenging as it leads to decreased signal-to-noise ratio (SNR), increased distortion, susceptibility artifact, and increased scan time. Computed DWI techniques have been proposed to overcome these difficulties [14] [15] [16] [17] [18] .
Computed DWI is a mathematical technique, which generates images of higher b-values by using at least two different lower b-value (b ≤ 1000) images. It involves computing the ADC map from two lower b-value DW images by using the following equation:
where S 0 is the signal intensity at b � 0 s/mm 2 . Once ADC for the lower b-value is known, computed DW images of the higher b-value can be extrapolated by solving equation (1) for S b :
e underlying assumption of the computed DWI method is that the ADC is independent of b-values, which contradicts the observation that ADC can vary significantly with the b-value as reported in the literature [19, 20] . Using this technique, DW images for higher b-values can be generated but the ADC value for the higher b-value cannot be obtained. Computed DWI technique might be useful for the visualization purpose; however, for quantitative DW image analysis, it might not be sufficient. erefore, there is a need of methods for generating synthetic ADC maps for higher b-values. To the best of our knowledge, methods for creating synthetic ADC maps have not been reported.
e primary objective of this study was to explore the relationship between ADC and b-values and use that relationship to extrapolate synthetic ADC corresponding to higher b-values. A secondary objective was to investigate the feasibility of this technique to improve visualization of lesions in prostate cancer cases for which higher b-value DWI may be desirable.
1.1. eory. Diffusion of water through biological tissue is often quantified using the apparent diffusion coefficient calculated from pairs of b-value DW images using the monoexponential model (equation (1)) However, as many studies have demonstrated, the ADC follows a multiexponential law with respect to higher b-value DWI signal intensity; moreover, this multiexponential behavior is not only related to the perfusion artifact [6, 7, 15, 21, 22] . e multiexponential behavior depends upon the intravoxel proton pools that contribute to the signal decay. To overcome the difficulty of making assumptions about the number of intravoxel proton pools with different diffusion coefficients in biological tissue, Bennett et al. [6] introduced the stretched-exponential model. e stretched-exponential model is described as follows:
where α represents intravoxel heterogeneity and DDC is the distributed diffusion coefficient representing the mean intravoxel diffusion rate, where α � 1 is equivalent to the monoexponential signal decay. Comparing equations (1) and (3), the ADC computed from the monoexponential model can be written as a function of b:
where P 1 and P 2 are constants. erefore, we hypothesized a log-linear relationship between ADC derived from the monoexponential model and the b-value. e purpose of this study was to derive the log-linear relation for lower b-value ADCs and use that relationship to extrapolate ADCs for higher b-values.
Materials and Methods

Patient Selection.
A total of 15 patients with a median age of 62.5 years suspected to have prostate cancer were included in this retrospective study with the institutional ethical committee approval. All patients were treatment naïve and from a single center. Image-guided biopsy was performed after the imaging. e diffusion images were fused to USG images, and the biopsy from the abnormal diffusion lesion was taken using image guidance. e Gleason scores (GS) for the biopsies of the malignant tissue were recorded [23] . Out of 15 cases, only two patients had GS 7 and 5 patients had GS 6. e remaining 8 patients were reported as benign. Henceforth, we have considered GS 6 and 7 as malignant (N � 7) and rest as benign (N � 8). All benign lesions had benign hypertrophy of the prostate with no evidence of malignancy, and all malignant lesions with biopsy positive had PI-RADs 4 (n � 3) or PI-RADS 5 (n � 4). (4))was fitted voxel-wise to the lower bvalue ADCs (ADC 0-400 , ADC 0-700 , ADC 0-1000 ) to estimate the model parameters P 1 and P 2 . Synthetic ADC (sADC) calculated from equation (4) 
Imaging
Synthetic DWI (sDWI) images for b-1500 and b-2000 were generated using DWI of b0 and sADC using the monoexponential model and compared with original DWI 1500 and DWI 2000 . Contrast ratio (CR) between normal and lesion for DWI and sDWI were computed using CR � (S cancer − S normal tissue )/(S cancer + S normal tissue ). CR for original DWI and sDWI for b-1500 and b-2000, sADC values of malignant and benign lesions were assessed by a paired t-test. p values <0.05 were considered as statistically significant. Statistical analysis was performed using Prism (GraphPad Software, Version 7.0).
Regions of Interest.
Regions of interest (ROIs) were placed at the normal appearing muscle area and at the lesion on the original DWI image and computed DWI image. Two radiologists, one with 10 years of experience and another with more than 20 years of experience blinded to each other and to histological finding, placed the ROIs. Overlapping of the ROIs from the two radiologists was 95%. For cases with an area suspicious for tumor, ROIs were placed on axial high b-value diffusion weighted images (b � 2000 s/mm 2 ) on a hyperintense area suspicious for tumor and a normal intensity area within the gland on the same image. For cases in which the area suspicious for tumor was in the peripheral zone of the gland, the normal intensity region of interest was selected from a location in the peripheral zone on the same image. For cases with no area suspicious for tumor, regions of interest were placed in the relatively hyperintense peripheral zone and in the transition zone-which is normally hypointense to the peripheral zone-on the same image.
Results
In the one-way ANOVA test, ADC shows highly significant change (p < 0.0001) with respect to the b-value, both in the transitional zone (TZ) and peripheral zone (PZ) (Figure 1 ) of the prostate in all the patient data.
is observation supports our initial assumption that the ADC is not constant with respect to b-values.
e log-linear model gives the best fit to the data (R 2 ∼0.9) from the prostate tissue ( Figure 2 ).
No significant difference was observed in the paired t-test between sADC as compared to actual ADC in the prostate lesions; however, the change was significant in the normal tissue (p < 0.001) at b-2000. Contrast ratio increased significantly between original DWI images and sDWI images (p � 0.002) ( Figure 3 ).
Mean sADC of prostate lesions was significantly lower than that of surrounding normal tissue (p < 0.001) for b-2000 when considered for all data (N � 15). A significantly lower sADC was observed using an independent t-test in malignant lesions (GS 6,7) as compared to benign lesions (GS < 6) ( Figure 4 ). In addition, sADC at b-1000, b-1500, and b-2000 was found to be significantly distinguish lesions with GS < 6 from the lesions with GS ≥ 6. e mean sADC value, confidence interval (CI), and the p values are given in Table 1 . Figure 1 : Estimated apparent diffusion coefficient (ADC) using monoexponential model in the transitional zone (TZ) (a) and peripheral zone (PZ) (b) of prostate. e change in ADC value for each choice of b-value from the other was found to be highly significant with p < 0.0001 using the one-way ANOVA test in both the regions.
Discussion and Conclusion
Choice of b-values can significantly influence ADC estimation using the monoexponential diffusion model in the prostate, in agreement with variations in ADC found in the literature [7, 19, 20] (10 ± 5)%. Contrast ratio of lesion and normal tissue significantly increases in synthetic DW images. e technique of generating synthetic ADC gives clinicians extra degrees of freedom with the choice of bvalues. e optimal b-value for disease detection depends upon image contrast that is likely to change with tissue type and histological findings. Rather than deciding the optimal b-value prior to imaging to get optimal contrast between normal and cancer tissue, the use of synthetic ADC may be able to modify the b-value and get the optimal image contrast even after imaging. Furthermore, the technique allows extrapolation of ADC values for higher bvalues, which cannot be obtained by the computed DWI method. However, this technique may not reduce the overall scan time; as in our scanning protocol, the scanning time to get three different b-values (b-400, 700, and 1000) is 1 min 39 sec and scanning time for one high b-value (b-2000) is 1 min 5 sec. is technique provides a method to obtain DW images and ADC values for a wide range of bvalues.
According to the diffusion equation, b-value has a [time] 3 dependency; thus, a very high b-value can be achieved in a clinical scanner with a moderate increase in the echo time (TE). However, the signal loss due to diffusion is a limiting factor at high b-values. e initial signal-to-noise ratio (SNR) and the tissue diffusion determine how quickly the signal goes below the noise level. As the tissue diffusivity is higher in normal tissue as compared to cancer tissue, normal region signal decay reaches to the noise level at a relatively faster rate. Hence, the observed signal at high b-values is dominated by the noise and appears to decay at a slower rate. is explains the reason of significant 
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difference between ADC and sADC values at normal regions. As DWI signal attenuation is exponentially dependent on ADC, small changes in ADC can make a significant change in DWI contrast; this results in the significant increase of CR in sDWI images as compared to DWI. e present study demonstrates that, although the higher b-value sDWI increases the contrast between lesion and normal tissue, the sADC shows similar contrast for b-1000, b-1500, and b-2000. is could be due to small cohort size of the patient with different Gleason scores, consistent with results in other studies [12, 24] . ADC computed from high bvalue DWI has been shown to be more accurate in distinguishing prostate lesions from benign and normal tissues [25, 26] . Further investigation could be done for the clinical application of sDWI with larger patient populations. One of the limitations of our study was MRI examinations were not compared with a radical prostatectomy specimen. However, image-guided MR-overlayed biopsy could be a good alternative to radical prostatectomy where patient refuses to undergo prostatectomy.
Our initial investigation suggests that the ADC values corresponding to higher b-value DWI can be computed using a log-linear relationship derived from lower b-values (b ≤ 1000). Moreover, this computational method can also be manipulated to determine optimized b-values to create ADC maps. e synthetic ADC technique could be a useful tool to provide optimized image contrast for quantitative DW-MR imaging applications in oncology where ADC is routinely used in clinical practice.
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